The activity of lipoamide dehydrogenase (E.C.I.6.4.3) was measured in arterial homogenates from very young pigeons (5-8 weeks old) known to differ in their susceptibility to atherosclerosis. The activity of the arterial enzyme was significantly lower in the atherosclerosis-susceptible White Carneau pigeons than it was in the atherosclerosis-resistant Show Racer pigeons. Lipoamide dehydrogenase is a component of the pyruvate dehydrogenase and a-ketoglutarate multienzyme complexes. The first complex catalyzes the conversion of pyruvate to oxaloacetate via acetyl-CoA, and this reaction represents a crucial link between glycolysis and the Krebs cycle. The second complex is essential for the oxidative breakdown of carbohydrates, fats, and amino acids via the Krebs cycle. Reduced activity of these complexes, resulting from low activity of lipoamide dehydrogenase, favors reduction of pyruvate to lactate and a shift to glycolysis. This situation is in accord with other results obtained in avian and human arteries which appear to indicate a higher rate of glycolysis in atherosclerosis-susceptible and atherosclerotic arteries. It appears that the increased dependence of the White Carneau arteries on glycolysis, suggested by the reduced lipoamide dehydrogenase activity, facilitates the development of atherosclerosis in this pigeon strain.
• Pigeon strains with widely different susceptibility to atherosclerosis have been identified by investigators from the Bowman Gray School of Medicine in Winston-Salem, North Carolina (1) (2) (3) (4) . Among White Carneau (WC) pigeons more than 3 years old, 100% have grossly visible aortic atherosclerosis and approximately 70% have coronary atherosclerosis. Among Show Racer (SR) pigeons, however, only about 1 bird in 12 has minute aortic atheromas and no birds with coronary atherosclerosis have been found (2) . A comparison of metabolic processes in these strains offers an opportunity to study factors that predispose the pigeons to atherosclerosis (5) (6) (7) (8) (9) . By definition, such factors must be present in vessels before lesions form.
Previously, we have reported that the activity of arterial lipoamide dehydrogenase-an essential factor in cellular metabolic regulation-is significantly lower in WC pigeons than it is in SR pigeons Received May 10, 1974 . Accepted for publication February 12, 1975. 4-6 years of age (10) . In this study, however, all of the WC pigeons had grossly visible atherosclerotic plaques, whereas no such lesions were observed in the SR pigeons. The enzymatic differences that we found could have been secondary to atherosclerosis or to age and may not have preceded atheroma formation. Therefore, in the present report, we investigated lipoamide dehydrogenase activity in young birds prior to microscopic lesion formation.
Methods
Pigeons 5-8 weeks old from a breeding colony that we established with birds obtained from the Bowman Gray School of Medicine were killed by decapitation. The pigeons were killed alternately by strains, and sex was determined by postmortem examination. Aortas and brachiocephalic arteries were removed immediately and cleaned of perivascular and adventitial tissue. Atherosclerotic lesions were not detected in any of the pigeons. Arteries were rinsed of adherent blood with ice-cold saline, quick-frozen using a mixture of Dry Ice and 2-methoxyethanol, and stored overnight at -20°C. Previous studies in our laboratory have demonstrated that lipoamide dehydrogenase activity is not altered by this treatment. After defrosting, the arteries were chopped into small pieces, and an approximately 6% homogenate (w/v) in ice-cold saline (pH 7.0) was prepared using a Polytron homogenizer with a PT-10 generator (Kinematica GMBH). The homogenates were extracted by rota-tion for 10 minutes at 4°C and centrifuged at 1,450 g for 20 minutes at 4°C. The pellet was reextracted in an identical manner, and the supernatant fractions were combined.
The activity of lipoamide dehydrogenase 1 was measured by a modification of the methods devised by Reed and Willms (11) and Massey (12) . The reaction catalyzed by the enzyme is:
The oxidation of the reduced NAD during the enzymecatalyzed reduction of lipoamide was measured spectrophotometrically at 340 nm. The assay mixture consisted of DL-6, 8-thioctic acid amide (0.9-3.1 IBM, dissolved in equal volumes of acetone and water or in 95% ethanol), NADH, (0.23 mM), NAD (0.24 DIM), ethylenediaminetetraacetic acid (EDTA) (1.1 mM), 2% bovine serum albumin (0.2 ml), tissue extract (usually 0.2-0.5 ml), and phosphate buffer (0.1M, pH 5.9 or 6.5) made up to a total volume of 3.1 ml. All reagents were purchased from Sigma. The reaction was started with the tissue extract. The change in optical density was measured at 25 °C using cuvettes with a 1-cm light path in a Beckman DB-GT spectrophotometer equipped with a recorder, a thermocirculator, and an automatic sampling device. The reaction was recorded for at least 10 minutes; from the slope of the recording corrected by the blank value (the slope of the recording without the tissue extract), the amount of NADH 2 oxidized and the amount of lipoamide reduced was calculated. The activity was expressed in nanomoles of lipoamide reduced per minute per milliliter of extract at 25°C and finally calculated on two different bases: the protein content (13) of the extracts and the deoxyribonucleic acid (DNA) content (14) of the artery. For comparison, a third basis, the fat-free dry weight, was also used. The latter was determined after the extraction of the pellet for proteins and DNA had been completed.
Optimum conditions for the measurement of enzyme activity were established for pigeon arteries. As shown in Figure 1 , the relationship between enzyme concentrations and changes in optical densities is linear. Optimum conditions were also determined for fresh pig and rabbit arteries. In the method applied in the present study, lipoamide dissolved in acetone and water (1:1) was used as the substrate. Other investigators have used 95% alcohol as the solvent for this water-insoluble compound. Figure 2 shows the effect of increasing the substrate concentration and also demonstrates that both solvent systems yield nearly identical data.
Results

SOME GENERAL CHARACTERISTICS OF THE ARTERIAL ENZYME
The optimum pH of lipoamide dehydrogenase from pig heart depends on the nature of the lipoyl derivative employed (12) . The commercially available enzyme (Sigma) has an optimum pH at 5.9 using DL-lipoic acid and an optimum pH at 6.5 Extract Volume, ml. using DL-lipoamide. The enzyme prepared from Clostridium kluyueri has a pH optimum at 7.5, and the activity of the Escherichia coli enzyme has a pH optimum at 8.1 (11) . As shown in Figure 3 , the pH optimum of the arterial pigeon and pig enzyme is at 6.5. Table 1 demonstrates that the enzyme is inhibited by sodium arsenite and Cu 2+ ; this finding is in accord with data listed in the literature (11, 12) . The effects of different concentrations of adenosine triphosphate (ATP) are also shown in Table 1 .
COMPARISON OF THE ACTIVITY OF LIPOAMIDE DEHYDROGENASE IN ARTERIES OF SHOW RACER AND WHITE CARNEAU PIGEONS
For these studies, 11 SR, 9 WC, and 8 WC-2 pigeons were used. WC-2 pigeons are an inbred strain (developed in the Bowman Gray School of Medicine) characterized by a greatly increased susceptibility to experimental atherosclerosis induced by a diet containing 0.5% cholesterol. The mean aortic cholesterol concentration of experimental birds of this strain, according to Wagner et al. (3) , is more than twofold higher than the concentration in experimental birds of the WC strain. However, a higher susceptibility of the Lipoamide cone., mM WC-2 strain to spontaneous lesions has until now not been proven.
Our results are shown in Table 2 and Figure 4 . We found a significant difference between SR arteries on the one hand and WC and WC-2 arteries on the other, regardless of whether we calculated the results on the basis of DNA content or fat-free dry weight. Calculation on the basis of extract protein revealed a significant difference between SR and WC-2 arteries only; the loss of significance between SR and WC arteries was apparently caused by one WC value that was out of range. When this value was omitted, the difference in activity on the protein basis between SR and WC arteries also became highly significant (P < 0.005). Interestingly enough, all of these significant differences appeared to be caused mainly by the differences in the activities of arteries from male birds. However, the number of arteries from female birds was smaller, and this fact may be why significant differences were not found between the arteries of female pigeons of the different strains.
We also noted that the arterial DNA and the extract protein per unit wet weight of artery were similar in all groups (Table 3 ). However, the fat-free dry weight fraction revealed a trend toward higher values in the WC arteries compared with the SR arteries, although the difference was not statistically significant. In accordance with the prevailing view, we consider as most meaningful and reliable the results related to the DNA content, which parallels the cellularity of the tissue. The fat-free dry weight as measured in the present study comprises metabolically inert tissue components as well as various connective tissue elements. The assay mixture in 1-cm cuvettes contained 0.5 ml of 3% (w/v) pigeon arterial extract, DL-6, 8-thioctic acid amide (0.94 mM) dissolved in an acetone-water mixture (1:1), 0.1 ml of the appropriate effector, and the other constituents described in the text to make a final volume of 3.1 ml. For the Cu 2+ experiments, extract and effector were preincubated at 0°C for 30 minutes.
* Effector concentrations are final concentrations in the reaction mixture. » It is possible that further studies along these lines may also disclose significant differences between WC pigeons and other pigeon strains.
Discussion
This paper reports on the activity of an arterial lipoamide dehydrogenase that exhibits a characteristic pH optimum and a characteristic inhibition by Cu 2+ and arsenite (15) (16) (17) . As pointed out by Lehninger (18) , lipoamide dehydrogenase is one of 9-
DNA FFDW In vitro, the substrate specificity of lipoamide dehydrogenase is fairly broad. Using 2, 6-dichlorophenolindophenol, the activity measured in pig heart preparations is identical with diaphorase activity, and some investigators consider the two enzymes to be identical. However, according to (17), the NADH-dichlorophenolindophenol reductase activity is the result of profound modification of the enzyme which leads to a loss of activity involving lipoyl derivatives and to a substantial increase in diaphorase activity. In view of this relationship to diaphorase, it is noteworthy that the diaphorase (NADH-dichlorophenolindophenol reductase) activity is reduced in atherosclerotic portions of human arteries; a decrease with age has also been observed in both normal and atherosclerotic tissue (19, 20) . Our previous data from two experimental studies of lipoamide dehydrogenase activity in 4-6-yearold pigeon arteries revealed the same basic pattern as did the diaphorase studies in human vessels, i.e., decreased activity in atherosclerotic arteries (10) . The present investigation substantially extends and clarifies these previous findings by demonstrating that the difference in arterial lipoamide dehydrogenase activity between atherosclerosissusceptible and atherosclerosis-resistant pigeons is not a consequence of age or atherosclerosis but an inherent feature of normal young arteries. Therefore, it is appropriate to discuss the metabolic significance of reduced arterial lipoamide dehydrogenase activity and the possible relevance of these data to atherogenesis.
The energy needs of the arterial wall are covered by both oxidative phosphorylation and glycolysis (21) (22) (23) (24) even in the presence of oxygen (aerobic glycolysis). Reduced activity of the pyruvate dehydrogenase complex and of the a-ketoglutarate dehydrogenase complex, resulting from low activity of lipoamide dehydrogenase, favors the reduction of pyruvate to lactate and a shift to glycolysis. However, the detection of reduced lipoamide dehydrogenase activity as an isolated phenomenon would not necessarily prove greater dependence on glycolysis. For the interpretation of the present results, additional data are essential. In contrast to lipoamide dehydrogenase, the activity of phosphofructokinase, a regulatory enzyme of the glycolytic pathway, is significantly elevated in very young atherosclerosis-susceptible pigeons (25) . The same applies for aldolase, another key enzyme of glycolysis. Furthermore, in closely related studies (26, 27) in which surviving arteries of young preatherosclerotic pigeons were incubated with [ M C]glucose, the steady-state level of lactate and the ratio of aglycerol phosphate to dihydroxyacetone phosphate were significantly higher in the WC arteries than they were in the SR arteries. Such evidence strongly suggests a shift toward a rise in the rate of glycolysis.
The occurrence of a relatively high rate of glycolysis does not seem to be restricted to arteries of atherosclerosis-susceptible pigeons. For example, studies of lactate dehydrogenase isoenzyme patterns have revealed that, in contrast to normal arteries and veins, atherosclerotic human and animal arteries are characterized by a predominance of anaerobic LDH fractions (28) (29) (30) . This finding agrees with prior data showing that surviving pathological artery specimens obtained at surgery manifest a lower respiratory rate and a higher rate of lactate production than do normal arteries (31) .
However, in our opinion none of this evidence, including the studies of lactate production by surviving arteries, definitely proves an in vivo rise in the rate of glycolysis in preatherosclerotic or atherosclerotic arteries. By incubating arterial tissue, the perfusion of the vessel wall via the vasa vasorum is completely eliminated, and the oxygen supply via diffusion is also markedly impaired. Therefore, experience obtained in work with other tissues is not unconditionally applicable to arteries. One has to agree with Lehninger (32), who emphasized several years ago that information on the in vivo arterial lactate and pyruvate content is needed. However, to our knowledge, no such data have been accumulated so far, mainly because of the absence of a reliable technique.
The mechanism by which a shift of arterial intermediary metabolism toward a higher rate of glycolysis may influence atherogenesis remains to be elucidated. For instance, it is reasonable to assume that a fundamental mechanism that protects the arterial wall against infiltration by serum lipids is the unimpaired production of energy (28) or a metabolic barrier such as that postulated by Zilversmit (33) . Further clues appear to be provided by studies showing that under hypoxic conditions-when the bioenergetics of the vessel wall depend mainly on glycolysis-there is a significant increase in the rate of incorporation of radiocarbon from [l-M C]acetate and [2-14 C]glucose into arterial fatty acids, the glycerol moiety of glycerides, and phospholipid glycerophosphate (34) (35) (36) (37) . Arterial smooth muscle cell cultures also accumulate lipids when they are incubated under hypoxic conditions (38, 39) .
Studies of comparative aspects of atherosclerosis reveal that man shares with animals many of the morphological and biochemical characteristics of atherosclerosis (40) . Although birds are phylogenetically far from man, there is good reason to predict that a metabolic factor similar to or identical with the one suggested by the present study
